The formation of a coating layer consisting of Ni, Al and Pt on a Ni-6 at% Cr alloy substrate was attempted by the electrodeposition of Pt and Al. The Pt and Al were deposited by electrolysis in an aqueous solution and molten salt, respectively. The cyclic oxidation resistance of the alloy with this coating was then evaluated in air at 1423 K. Particular attention has been paid to the effects of Pt in the coating and 6 at% Cr in the alloy substrate on the cyclic oxidation resistance. For the sample treated by Pt deposition, followed by the Al deposition, a coating layer comprised of an outer layer consisting of PtAl 2 and Ni 2 Al 3 and an inner layer consisting of Ni 2 Al 3 was formed. This coating layer contained about 2 at% Cr. The cyclic oxidation test showed that for the sample with a coating consisting of Ni aluminide without Pt, a mass reduction due to spallation of an oxide scale took place during the oxidation test, whereas for the sample with a coating consisting of Ni aluminide containing Pt, no mass reduction took place. For the sample with a coating consisting of Ni aluminide containing Pt after the oxidation test, the formation of an adhesive Al 2 O 3 scale was observed. The cyclic oxidation test also showed that for the sample with a coating consisting of Ni aluminide containing Pt formed on a pure Ni substrate, a large mass increase took place during the oxidation test, while for the sample with the coating formed on the Ni-6 at% Cr alloy substrate, such a mass increase did not take place. Such effects of Pt in the coating and 6 at% Cr in the alloy substrate on the cyclic oxidation resistance are discussed from the viewpoint of the formation of a protective Al 2 O 3 scale.
Introduction
For the heat-resistant alloys used as components of a gas turbine, they need to have a high strength at high temperature and a high oxidation resistance. Chromium content in the Nibased superalloys developed in recent years has decreased in order to increase their strength at higher temperatures. As a result, the oxidation resistance of those alloys has been decreased. Therefore, oxidation-resistant coatings are necessary to improve performance of the alloys at higher temperatures. Diffusion coatings have been used as an oxidation-resistant coating, typically Al coatings and Pt-Al coatings, 1) for which Pt electroplating on the alloy, followed by Al diffusion. Pt-Al coatings are mainly used as the bond coat of the thermal barrier coating for the turbine blades of jet engines in airplanes because Pt-Al coatings have high oxidation resistance in the vicinity of 1273 K. Al diffusion coatings are usually carried out by halogen-activated pack cementation, for which an aluminum halide reacts with elements in the alloy on the alloy surface to form aluminum, and then this aluminum diffuses into the alloy. The morphology of the Pt-Al coating prepared by the halogenactivated pack cementation has been investigated. 2) We have succeeded in the preparation of a highly oxidation-resistant coating by Al electrodeposition using a molten salt at high temperature as the electroyte. 3, 4) For this electrodeposition, liquid Al deposited on the alloy surface, and mutual diffusion between Al and the alloy substrate proceeded to form a uniform alloy coating which contained a significant amount of Al. Furthermore, we showed that the coatings consisting of Ni aluminide (Ni 2 Al 3 ) were formed by the Al electrodeposition on the Ni plate or Ni film using a molten salt at 1023 K. 5, 6) Though these coatings had a high oxidation resistance during the isothermal oxidation test, 5) they showed a mass loss due to spallation of a scale during a cyclic-oxidation test. 6) In order to improve a cyclic-oxidation resistance of the coating, we tried electrodeposition of Hf, 6, 7) Zr 8) or Y 9) with Al using a molten salt at 1023 K. As a consequence, we succeeded in the preparation of a coating consisting of Ni aluminide containing small amounts of Hf, Zr or Y. Such coatings showed high cyclic-oxidation resistance in air at 1423 K.
69) However, we have not tried the preparation of a coating consisting of Ni aluminide containing Pt by Pt and Al electrodepositions. In this study, we first tried the preparation of the coating consisting of Ni aluminide containing Pt by Pt and Al electrodepositions. Many papers 2, 1015) which focused on coatings consisting of Ni aluminide prepared by Pt electrodeposition and Al diffusion by the halogen-activated pack cementation method have been published. However, a paper about the coating consisting of Ni aluminide containing Pt prepared by Pt electrodeposition in an aqueous solution and Al electrodeposition in a molten salt has not been reported. The principal advantage of the Al electrodeposition using a molten salt compared to the pack cementation method can be summarized as follows; (1) control of the thickness and chemical composition of the coating is easy because the mass of the deposited Al is controlled by the quantity of electricity passed during the electrodeposition, 16) and (2) the heat influence on the structure of the alloy substrate during the coating process is low because the treatment temperature is lower, and the treatment time is shorter compared to the pack cementation method.
In the present study, we used the Ni-6 at%Cr alloy as a substrate alloy, in which Cr content corresponds to that in the recently developed Ni-based superalloys. We attempted to prepare a Ni-Al-Pt alloy coating by Pt electrodeposition in an aqueous solution, followed by Al electrodeposition in a molten salt. In addition, we examined the oxidation resistance at 1423 K of the coated sample while noting the influence of Pt in the coating and 6 at% Cr in the alloy substrate on the oxidation behavior of the coating.
Experiment
A Ni-6 at% Cr (actually Ni-5.56 at% Cr by chemical analysis) alloy and pure Ni were used as substrates. The alloy ingot of Ni-6 at% Cr was homogenized for 7.2 ks at 1273 K. Coupons of about 10 mm © 10 mm © 1.5 mm were cut from the ingots. The sample surfaces were polished with #400 SiC paper and ultrasonically washed in acetone.
The preparation of the Ni-Al-Pt alloy coating was carried out in two electrodeposition steps. First, Pt was electrodeposited on the Ni-6 at%Cr alloy. Subsequently, Al was electrodoposited on the sample with a Pt-deposit. The electrodeposition of Pt was carried out by galvanostatic electrolysis at 200 A m ¹2 for 1.2 ks using a commercial Ptplating solution (BRAIT-Pt(Japan Pure Chemical Co., Ltd.)). Under this condition, the mass of the deposited Pt was about 0.04 kg m ¹2 and the thickness of the deposited Pt film was about 2.5 µm. The electrodeposition of Al was carried out by potentiostatic electrolysis at the reduction potential of Al using a molten salt electrolytic bath. The electrolytic bath for the electrodeposition of Al was an equimolar NaCl-KCl melt at 1023 K containing 3.5 mol% AlF 3 . The NaCl, KCl and AlF 3 were prepared from reagent-grade chemicals. NaCl and KCl were vacuum-dried for 86.4 ks at 543 K prior to mixing. The device used for the electrolysis cell has already been described.
3) The cell container was an alumina crucible held in a quartz tube set in a vertical electric furnace. Prior to heating, high-purity Ar gas was introduced into the cell to create an inert environment. The reference electrode was an Ag wire immersed in an NaCl-KCl-AgCl (45 : 45 : 10 mol%) mixture held in a mulite tube. A 6 © 50 mm graphite rod was used as an anodic counter electrode. The electrodeposition of Al was carried out at ¹1.4 V (vs. Ag/Ag + (0.1)) for 2.4 ks. Under this condition, the mass of deposited Al was about 0.12 kg m ¹2 . After the electrodeposition, the specimen was removed from the cell and its surface was washed with water to remove any salt adhering to it. The surface of the prepared coating was analyzed by X-ray diffraction (XRD) (Cu K¡ radiation). The cross-section of the specimen was inspected by a scanning electron microscopy (SEM) and an electron probe microanalysis (EPMA).
The cyclic-oxidation resistance of the prepared coating specimens was evaluated by measuring the oxidation mass gain in laboratory air at 1423 K. For the cyclic-oxidation test, each cycle consisted of heating for 3.6 ks. The heating and cooling rates for both were approximately 3700 K ks ¹1 . After the cyclic-oxidation, a cross-section of the specimen was observed using SEM and analyzed by EPMA. The oxide scales were identified by XRD measurements. Figure 1 shows the cross-sectional micrographs (backscattered-electron image) and concentration profiles of Ni, Cr, Al and Pt by EPMA analysis of the Ni-5 mass%Cr alloys after (a) Al electrodeposition and (b) Pt electrodeposition and subsequent Al electrodeposition. For the Al electrodeposited sample, formation of the coating layer with about a 45-µm thickness was observed. It was found from the EPMA and XRD analyses that the coating layer consisted of a Ni 2 Al 3 phase and contained about 2 at% Cr. It was postulated that the coating layer was formed due to the mutual diffusion between the liquid Al deposited at 1023 K and Ni and Cr in the alloy substrate. For the sample deposited with Pt and Al, formation of the coating layer with about a 50-µm thickness was observed. The coating layer, except for the top surface region, mainly contained Al and Ni. It was presumed from the EPMA analysis that the layer consisted of the Ni 2 Al 3 phase and contained about 2 at% Cr. The top surface region of the layer contained Pt. The Pt concentration was the highest in the surface region and decreased toward inside of the layer. Figure 2 shows an XRD pattern of the sample surface deposited with Pt and Al. The diffraction peaks corresponding to Al 2 Pt and Ni 2 Al 3 were observed. Therefore, it was presumed that the top surface region of the coating layer consisted of PtAl 2 and Ni 2 Al 3 phases. A thin layer was observed at the interface between the top surface region and the inner layer consisting of Ni 2 Al 3 . This layer contained about 75 at%Al and 25 at%Ni. This suggests that the layer consisted of Ni 3 Al (£ A phase).
Results

Morphology and composition of prepared coating layer
A cross-section of the pure Ni sample after the Pt electrodeposition and subsequent Al electrodeposition was also observed by SEM and also analyzed by EPMA. The coating layer shows the same morphology and chemical composition as that of the Ni-6 at% Cr alloy sample (Fig. 1 ).
3.2 Cyclic-oxidation behavior of coating sample 3.2.1 Mass change-time curves Figure 3 shows the mass change-time curves obtained from the cyclic-oxidation test of the Ni-6 at%Cr alloy deposited with only Al (with Al (Ni-6Cr)) and the alloy deposited with Pt and Al (with Pt-Al (Ni-6Cr)). For comparison, the mass change-time curves of an untreated Ni-6 at%Cr alloy (no treatment) and pure Ni deposited with Pt and Al (with Pt-Al (pure Ni)) are also shown. For the untreated Ni-6 at%Cr alloy, a large mass loss due to spallation of the scale was observed. For the Ni-6 at%Cr alloy deposited with only Al, a small mass loss due to spallation of the scale was observed. For the pure Ni deposited with Pt and Al, the oxidation rate increased after about 40 cycles and a mass gain became very high at 100 cycles. On the contrary, for the Ni-6 at%Cr alloy deposited with Pt and Al, the mass gain was very low at the initial stage, and after this stage, a small mass change was observed. After 60 cycles, a slight mass loss was observed. Such a low mass change showed that the Ni-6 at%Cr alloy deposited with Pt and Al had a high cyclicoxidation resistance. Figure 4 shows the cross-sectional micrograph (backscattered-electron image) and concentration profiles of the Ni, Al, Cr and O of the Ni-6 at%Cr alloy deposited with only Al after 5 cyclic-oxidations. Before the oxidation test, the Al concentration in the coating layer was about 60 at%. However, the Al concentration in the layer decreased to 32³37 at% after 5 cyclic-oxidations. Based on the Ni-Al binary phase diagram, the coating layer consisted of NiAl and Ni 3 Al phases after the 5 cyclic-oxidations. It was presumed that the decrease in Al concentration in the layer was attributed to diffusion of Al from the coating layer into the alloy substrate. The oxide scale formed on the coating layer consisted of Al and O, suggesting that the scale is Al 2 O 3 . At the interface between the scale and the alloy substrate, voids were observed. Cracks were also observed in the scale. As shown in Fig. 3 , the Ni-6 at%Cr alloy deposited with only Al showed a mass loss. It was postulated that this mass loss resulted from crack generation and spallation of the oxide scale. Figure 5 shows cross-sectional micrographs and concentration profiles of the Ni, Al, Cr, Pt and O in the Ni-6 at%Cr alloys deposited with Pt and Al after 3 and 40 cyclicoxidations. Before the oxidation test, Pt was concentrated in the top surface region of the coating layer. However, after 3 cyclic-oxidations, Pt was uniformly distributed in the coating and the Pt concentration in the layer was about 2 at%. After 40 cyclic-oxidations, the Pt concentration in the layer was about 1 at%. Before the oxidation test, the Al concentration was about 60 at%. The Al concentration decreased with an increase in the cycle number, and those after 3 and 40 cyclicoxidations were about 33 and 17 at%, respectively. It was presumed that the decrease in the Al concentration in the coating was attributed to the diffusion of Al from the coating into the alloy substrate, similar to the Ni-6 at%Cr alloy deposited with only Al (Fig. 4) . Furthermore, Cr was found in the coating layer after the cyclic-oxidation. The Cr concentrations in the coating after 3 and 40 cyclic-oxidations were about 2 and 3 at%, respectively. The thickness of the oxide scale after 40 cyclic-oxidations was about 5 µm. The oxide scale contained Al and O, suggesting that the oxide scale is Al 2 O 3 . Based on the mass change-time curve of the Ni-6 at%Cr alloys deposited with Pt and Al (Fig. 3) , the mass change was very low. This indicates that the growth rate of the oxide scale was low and the amount of spallation of the scale was small. Figure 6 shows cross-sectional micrographs and concentration profiles of the Ni, Al, Pt and O of the pure Ni samples deposited with Pt and Al after 40 and 100 cyclic-oxidations. The Al concentration in the coating layer decreased with an increase in the cycle number. The Al concentration in the layer after 40 cyclic-oxidations was about 12 at%. Pt was scarcely contained in the coating after 40 cyclic-oxidations. An oxide scale with about a 15-µm thickness was formed on the coating. It was presumed from the EPMA analysis that the scale consisted of an inner layer consisting of Al 2 O 3 and an outer layer consisting of NiAl 2 O 4 . After 100 cyclicoxidations, the oxide scale of about 250-µm thick was formed. It was found from EPMA analysis that the oxide scale consisted of NiO. This thickness of the scale indicated that the coating was completely oxidized and disappeared. Such a thick oxide scale formation caused the large mass gain of this sample.
Morphologies of scale and coating after cyclicoxidation test
Discussion
4.1 Effect of Pt in the coating layer on the cyclicoxidation resistance of the Ni-Al-Pt coated sample As shown in Fig. 3 , for the Ni-6 at%Cr alloy with the Ni aluminide coating containing no Pt, a mass loss was observed during the oxidation test, whereas for the alloy containing Pt, no mass loss was observed. The observation of the crosssection of the sample after the oxidation test showed that for the alloy with the Ni aluminide coating containing no Pt, voids were observed at the interface between the scale and metal after 5 cycles (Fig. 4 ) and cracks were also observed in the scale. On the contrary, for the alloy with the Ni aluminide coating containing Pt, no voids were observed at the scale and metal interface and the formation of an adhesive scale was observed (Fig. 5) . In this section, we discuss the reasons why the alloy with the Ni aluminide coating containing Pt showed such a high cyclic-oxidation resistance.
The results, that the adhesive Al 2 O 3 scale was formed on the Ni aluminide when the Ni aluminide contained Pt, have been reported.
1719) The mechanisms 20) that Pt promotes the formation of the Al 2 O 3 scale and the mechanism 18, 21) that Pt improves the adhesion of the Al 2 O 3 scale have been studied.
Gleeson et al. 20) elucidated that the effects of Pt in promoting Al 2 O 3 formation resulted from the following three facts: (1) Pt has a predominant site preference for the Ni sublattice in the ordered L1 2 structure of £A-Ni 3 Al so that the effective Al/Ni ratio is enhanced in certain crystallographic planes. (2) Pt has a negative chemical interaction with Al, which results in an increased Al diffusive flux at the scale/ alloy interface when there is the subsurface enrichment of Pt. (3) Pt decreases the oxygen permeability into the alloy which decreases the critical Al concentration for Al 2 O 3 formation. Hou et al. 18) claimed that the improvement in the adhesion of the Al 2 O 3 scale due to the Pt addition into Ni aluminide was attributed to the fact that S segregation at the scale/alloy interface was prevented by Pt. Cadoret et al. 21) suggested that the improvement in the adhesion of the Al 2 O 3 scale due to Pt addition into Ni aluminide resulted from the fact that Pt slowed down the Al 2 O 3 -scale transformation from a metastable phase (ª phase) to a stable phase (¡ phase), and as a consequence, such a transformation lag decreases the stress evolved in the scale.
In the present results, for the Ni-6 at%Cr alloy with the Ni aluminide coating containing no Pt, voids were observed at the interface between the scale and metal and cracks were observed in the oxide scale. Such cracks seem to evolve due to the fact that a high thermal stress was applied to the scale around the voids. The fact that the voids evolved at the Al 2 O 3 scale/Ni aluminide interface was also observed by other researchers.
2224) The mechanism of this void formation was proposed by Kuenzy and Douglass 22) as follows: for the Ni aluminide, the selective oxidation of Al occurs to form an Al 2 O 3 scale on the aluminide. The selective oxidation process results in Al depletion and Ni enrichment at the aluminide/ oxide interface. In this region, the diffusion of Al to the surface and the back diffusion of Ni occur. It was reported that the diffusion coefficients of Al 25) and Ni 26) in NiAl (¢ phase) at 1173 K were 6.7 © 10 ¹14 and 1.0 © 10 ¹13 cm 2 s ¹1 , respectively. Therefore, the back diffusion of Ni occurs at a greater rate than the diffusion of Al to the surface. When the diffusion fluxs of Ni and Al are expressed in J Ni and J Al , respectively, J Ni is greater than J Al . The difference between J Ni and J Al produces the diffusion flux of vacancies, i.e., J v to the aluminide/oxide interface (J v = J Ni ¹ J Al ). Such a Kirkendall effect due to the difference between the Ni and Al diffusion flux leads to the evolution of vacancies at the aluminide/oxide interface. In the present study, for the Ni-6 at%Cr alloy with the Ni aluminide coating containing no Pt, voids at the interface between the scale and metal were observed (Fig. 4) . It is presumed that such voids resulted from the accumulation of the vacancies that evolved due to the Kirkendall effect. When the sample undergoes a thermal cycle, a large thermal stress is applied to the scale on the metal. This stress is concentrated at the voids. As a result, a crack starts from the voids.
In the scale formed on the alloy with the Ni aluminide coating containing Pt, no crack was generated. It is thought that this result was attributed to an increase in the diffusion flux of Al in the metal below the scale. This increase suppresses the evolution of the Kirkendall vacancy at the interface between the scale and metal. As shown in Fig. 1 , for the Ni aluminide coating containing Pt, Pt was found in the surface region. In such a region, the Pt concentration increased in the direction from inside to surface. The diffusion flux of one atom in the alloy consisting of more than three atoms is in proportion to the chemical potential of the atom. 27 ) Therefore, the diffusion flux of one atom is in proportion to the gradient of the thermodynamic activity of the atom in the alloy, because the chemical potential of the atom is in proportion to the thermodynamic activity of the atom. It was reported that in the Ni-Al-Pt ternary system, the Pt decreased the thermodynamic activity of Al. 28) Therefore, it is postulated that the increase in the Pt concentration in the direction from inside to surface led to the decrease in the thermodynamic activity of Al in the direction from inside to surface.
Effect of containing 6 at%Cr in Ni substrate on
cyclic-oxidation resistance of Ni-Al-Pt coated sample As shown in Fig. 3 , the cyclic oxidation resistance of the Ni-6 at%Cr alloy with Ni aluminide containing Pt was far greater than that of the pure Ni with Ni aluminide containing Pt. This was based on the cross-sectional micrograph and EPMA analysis result of the sample after 40 oxidation cycles (Figs. 5 and 6 ). For the Ni-6 at%Cr alloy with Ni aluminide containing Pt, a thin scale consisting of only Al 2 O 3 was observed, whereas for the pure Ni with Ni aluminide containing Pt, areas containing a high level of Ni, which seems to be NiAl 2 O 4 , were observed in the scale. When we evaluated the Al concentrations in the coating layers on the pure Ni and Ni-6 at%Al alloy substrates after 40 oxidation cycles, it was found that the Al concentrations were about 17 at% and 12 at% for the Ni-6 at%Al alloy and pure Ni substrates, respectively. It is presumed that such a difference in the Al concentration in the coating between both samples resulted in a difference in the compositions of the oxide formed on the coating. The fact that the increase in the Al concentration in the coating by an addition of 6 at%Cr into the Ni substrate seems to resulted from two following reasons; One reason is that the coating contained about 3 at%Cr because the Cr diffusion from the Ni-6 at%Cr alloy substrate into the coating occurred, and as a consequence, the adhesion of the Al 2 O 3 scale formed on the coating was improved due to the Cr effect. Such an improvement of the adhesion of the Al 2 O 3 scale seems to result in maintaining a high concentration of Al in the coating. However, Hou et al. 29) showed that an addition of 5 at%Cr into the Ni-22 at%Al alloy decreased the adhesion of the Al 2 O 3 scale formed on the alloy. Furthermore, they 30) elucidated that S segregation occurred with Cr at the interface between the scale and Ni aluminide and the S segregation led to a decrease in the Al 2 O 3 scale adhesion. These reports suggest that the Cr in the coating can't improve the adhesion of the Al 2 O 3 scale formed on the coating. Another reason for the increase in the Al concentration in the coating by the addition of 6 at%Cr into the Ni substrate is that the diffusion of Al from the coating into the alloy substrate was depressed due to Cr present in the alloy substrate. Hayashi et al. 31) showed that for the diffusion couple of the Ni-Al-Pt alloy and Ni-Al alloy containing Cr, the diffusion flux of Al from the Ni-Al-Pt alloy to the Ni-Al alloy containing Cr was lower compared to that from the Ni-Al-Pt alloy to the Ni-Al alloy without Cr, and they described that this phenomenon occurred due to the fact that Cr addition into the Ni-Al alloy led to an increase in the thermodynamic activity of Al in the Ni-Al alloy. In the present result, therefore, it is postulated that the increase in the Al concentration in the coating by the addition of 6 at%Cr into the Ni substrate resulted from the fact that the Cr addition into the alloy substrate increased the thermodynamic activity of Al in the alloy substrate, leading to the slower diffusion of Al from the coating into the alloy substrate.
In the present result, for the Ni-6 at%Cr alloy coated with Ni aluminide containing Pt, Al 2 O 3 scale was maintained on the coating even after 40 oxidation cycles. The reason that the Al 2 O 3 scale was maintained on the coating seems to be attributable to the following fact: the Cr and Al concentrations in the metal below the oxide scale for the Ni-6 at%Cr alloy substrate after 40 oxidation cycles were about 3 and 17 at%, respectively (Fig. 5) . It is presumed that during the cycle oxidation test, in which a significant thermal stress is periodically applied to the oxide scale on the metal, microscopic cracks evolve in the oxide near the oxide/metal interface due to the difference in the thermal expansion coefficient between the metal and oxide. At this time, the metal under the oxide, in which the cracks evolve, is exposed to high partial pressures of oxygen. An important fact for maintaining a high oxidation resistance for the coating seems to be that the metal below the oxide is oxidized to reform Al 2 O 3 even if the metal below the oxide is exposed to high partial pressures of oxygen. It was found from the oxide map of the Ni-Cr-Al system at 1273 K 32) that for the Ni-Al alloy containing no Cr, the critical Al concentration for the formation of the Al 2 O 3 scale was about 35 at%, while for the Ni-Al alloy containing 3 at% Cr, it was about 17 at%. It has been postulated that such a decrease in the critical Al concentration due to a presence of Cr resulted from the oxygen-getting effect due to the Cr. 33) As shown in Fig. 5 , for the Ni-6 at%Cr alloy with the Ni aluminide containing Pt, the Al 2 O 3 scale was maintained for 40 oxidation cycles. This result seems to be attributed to the fact that about 17 at% Al and about 3 at% Cr were contained in the coating layer. For the pure Ni with the Ni aluminide containing Pt, on the other hand, the Al concentration in the coating layer decreased to less than the critical concentration (35 at%) during the oxidation test. As a result, formation of a NiO scale started, and NiAl 2 O 4 was also developed in the scale (Fig. 6 ) due to the solid reaction of NiO and Al 2 O 3 . It was presumed that because the growth rate of NiAl 2 O 4 was faster when compared to that of Al 2 O 3 , the oxidation rate of pure Ni with Ni aluminide containing Pt increased after 40 oxidation cycles (Fig. 3) .
Conclusions
The preparation of a Ni-aluminide coating containing Pt on the Ni-6 at%Cr alloy substrate was performed by a Pt electrodeposition in an aqueous solution, followed by an Al eletrodeposition in a molten salt. The cyclic-oxidation resistance of the Ni-6 at%Cr alloy covered with the coating was evaluated in air at 1423 K. The following conclusions were obtained.
(1) A prepared coating was formed with an outer layer consisting of PtAl 2 and Ni 2 Al 3 and an inner layer consisting of Ni 2 Al 3 . For the Ni-6 at%Cr alloy substrate, the coating layer contained about 2 at% Cr due to Cr diffusion from the alloy substrate. (2) The cyclic-oxidation test showed that for the Ni-6 at%Cr alloy covered with the Ni-aluminide coating containing no Pt, a mass loss due to spallation of the scale was observed, whereas for the Ni-6 at%Cr alloy covered with the coating containing Pt, no mass loss was observed and showed a high cyclic-oxidation resistance. (3) The cyclic-oxidation test showed that for pure Ni covered with the Ni-aluminide coating containing Pt, a high oxidation rate was observed after about 20-oxidation cycles, while for the Ni-6 at%Cr alloy covered with the coating, a small mass change was observed during the oxidation test and a high cyclicoxidation resistance was recognized. (4) For the Ni-6 at%Cr alloy covered with the Ni-aluminide coating containing Pt after the oxidation test, the formation of an adhesive scale consisting of Al 2 O 3 without voids at the interface between the scale and substrate was observed.
